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Abstract 
The shortage of water resources is serious in Hai River Basin. Managing water resources on the 
basis of evapotranspiration (ET), retrieved mainly from satellite remote sensing, is a new approach 
introduced in the GEF Hai Project. The most popular remote sensing algorithms in the retrieval of ET 
are reviewed, among them the SEBAL (Surface Energy Balance Algorithm for Land) is used for a 
preliminary analysis. Data from the MODerate resolution Imaging Spectroradiometer (MODIS) and 
Landsat TM/ ETM+ have been used to evaluate daily, seasonal and annual ET per county and per land 
use category. ET distributions and other related results for the Hai Basin, 2002 and 2003, are presented. 
Further studies will be continued in next five years, with an independent validation program to check 
and improve the ET retrieval algorithm. It is aimed to obtain a real saving of water resources through 
an ET reduction strategy, having more water resources remaining in the basin for production and 
environmental use, including that more freshwater discharge into the Bohai Sea.   
1. Introduction – Water shortages in Hai River Basin 
The shortage of water resources is serious in Hai River Basin, which is one of the seven largest 
river basins in China, with 10% of the country’s population, including mega cities such as Beijing and 
Tianjin; Hai River Basin is also one of the most important agricultural and industrial regions in China. 
However, the water availability in the basin is only 305 m3 per capita, which is 14% of national average 
and 4% of the world average. River channels and lakes on North China Plain are almost all dried up, 
because of the surface water over exploitation. Agricultural irrigation relies mainly on groundwater 
pumping; Net reduction of ground water is about 9 
billion m3 per year. The over exploitation of ground 
water causes water table declining continuously in last 
30 years. Based on water balance analysis, in average, 
annual evapotranspiration (ET) of the basin exceeds 
about 4% of precipitation in recent decades. A 
quantitative description of the water balance 
components in Hai Basin for 1998, when the annual 
precipitation was about the multi-year average, is 
shown in Fig. 1. Water shortage also induces serious 
environment deterioration. In addition to the 
degradation of surface water quality, ecological 
environmental deterioration in the Bohai Sea, including 
mass mortalities of aquaculture species, is also striking 
because so less water discharged to the sea and heavy 
Fig. 1 Water balance components for 
an average year (1998, unit: 109 m3) 
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land-based pollutants.  
2. A new approach in basin-scale water management 
As shown in Fig. 1, evapotranspiration (ET) and precipitation (P) are two major components for 
water balance in the Hai Basin. ET larger than P and supplemented by other water sources, mainly 
groundwater pumping, makes the severe non-sustainability. In a water-short area such as Hai Basin, it 
is important now to manage water resources in terms of the amount of water consumption, i.e. ET, 
which can be better monitored quantitatively as the rapid development of remote sensing in recent 
years. Actually, only the reduction of comprehensive ET, especially regional non-beneficial ET, can 
resolve gradually the shortage of water resources in the Hai River Basin. A GEF (Global Environment 
Facility) Hai River Basin Integrated Water and Environment Management Project is being carried out 
since 2004 (Olson, 2004). A new approach which uses the unit of evapotranspiration, monitored mainly 
by satellite remote sensing, is adopted in the water resources planning and managements. Remote 
sensing and ET management systems are to be built in the Basin. Better quantitative data on the spatial 
distribution and temporal variation of ET, for different land use and cropping periods in the entire Basin, 
will be supplied to water managers and consumers, and be used as the basis in the evaluation of water 
use efficiency and the formulation of water rights such as the allocation of irrigation (groundwater 
pumping) quota, etc. Reducing evapotranspiration that does not contribute to the plant growth could be 
achieved by, for example, reducing waterlogged areas, irrigation when evaporation being the lowest 
(such as at night), using moisture-retaining mulches, replacing open channels and ditches by pipes, 
fine-tuning deficient irrigation, and using water stress-resistant varieties, etc. A goal of real water 
saving and the recovery of water ecology in Hai River Basin should be reached finally. 
3. Methods in the evaluation of regional evapotranspiration  
Evapotranspiration has been observed for centuries; however, a better regional understanding is 
only possible by using satellite remote sensing. A simpler way is based on improved empirical or 
statistical models, such as the extended Priestley-Taylor method (Jiang & S.Ialam, 1999), the 
complementary relationship model, etc. A combined method have been used in the algorithm of 
MODIS evaporation product, MOD16, (Nishida et al., 2003) which calculates potential evaporation by 
Penman equation, calculates the ‘wet surface’ ET by Priestley-Taylor method (α=1.26), and calculate 
actual ET by Penman-Monteith method, then, using complementary relationship to calculate the 
‘evaporation fraction’ for vegetated surface (EFveg), 
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Where Rn is net radiation, G0 the soil heat flux at ground surface, λ the latent heat of evaporation, ∆ is 
the slope of the saturation vapor pressure temperature relationship, γ is psychrometric constant, and rs 
and ra are the (bulk) surface and aerodynamic resistances. By using an estimation of vegetation 
coverage, also based on an evaluation of bare surface evaporation, evaporation fraction for a composite 
surface can be obtained accordingly.  
Since the beginning of 1990’s, the most popular remote sensing algorithms in the retrieval of ET 
are based on surface energy balance, such as the SEBAL (Surface Energy Balance Algorithm for Land) 
(Bastiaanssen et al. 1998) and SEBS (Surface Energy balance System) (Su, 2002), both developed in 
The Netherlands. Actual evaporation (Ea) is evaluated as the residual when net radiation, soil heat flux, 
and sensible heat flux (H) are retrieved with satellite data combined with some surface observations,  
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where λ is latent heat for evaporation. Both SEBAL and SEBS have better physical background. The 
major difference is that the latter tries to use meso-scale atmospheric model to predict meteorological 
fields near the surface. SEBAL has been used operationally in many countries since 1990’s, and is now 
selected as the main algorithm in the GEF Hai Basin Project. 
4. SEBAL procedures 
SEBAL uses spectral radiances recorded by satellite-based sensors, mainly the MODIS (daily 
observation with surface resolution 250 m to 1 km) and Landsat TM/ETM+ (every 16 days, resolution 
30 m). Combined with ordinary meteorological data, it retrieves at first the surface albedo, temperature, 
and vegetation index for each image pixel. Then, net radiation Rn is calculated by surface radiation 
balance, 
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Where Rs↓ is solar irradiance, RL↓ and RL↑ are long wave radiance emitted by atmosphere and land 
surface respectively, r0 and ε0 are surface albedo and emissivity respectively; all are calculated by 
standard algorithms and/or land surface parameterization schemes. Soil heat flux G0 is evaluated by an 
empirical relation with net radiation and a few other surface parameters; it is a comparatively small 
component; however, the refinement in empirical formula is still a critical part in SEBAL application.  
Sensible heat flux H is calculated, as the ‘bulk’ profile method in micrometeorology, by using the 
temperature difference between air and surface and the surface aerodynamic resistance to heat flow,  
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Where Ts is surface temperature retrieved by remote sensing. Ta is air temperature at specific height 
(such as 2 m above ground surface). ρ and Cp are air density and air specific heat at constant pressure 
respectively. ra is the surface resistance to heat transfer; considered the effect of atmospheric stability, it 
is calculated by,  
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Where Ψh is the Monin-Obukhov stability function (L is Obukhov length). z0 is surface roughness 
length, estimated by landuse status. The innovative point of SEBAL is the utilization of two “anchor” 
pixels, “hot” and “cold”, in the image to fix boundary conditions for the air-surface temperature 
difference, and assumes a linear function between this difference and the radiometric surface 
temperature. An iterative way started from neutral stability assumption is used in the calculation of 
surface friction velocity (u*), ra, and then, the surface sensible heat flux H.  
The instantaneous ET for each pixel is evaluated as the residual of the surface energy balance, 
then, daily (24 hr) evapotranspiration can be estimated based on the fact that ‘evaporation fraction’  
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is almost constant in daytime hours. Monthly ET are based on the results of a few days processing in 
the month, and using the index Kc = ET/ETr to fill the gaps. Kc (‘crop factor’) is a more consistent 
ratio during daytime hours (Allen et al. 1998). 
ETr, the reference ET, is computed from 
ground-based measurements of solar radiation, 
wind speed, air temperature, and humidity. For 
each land use category and each county of the 
whole Hai River Basin, daily, seasonal and 
annual ET are monitored accordingly. 
5. Preliminary results 
Preliminary analysis has been done for 
2002 and 2003 for the whole Hai River Basin. 
By using of MODIS (1 km resolution, twice 
per month), DEM and land use/cover, and 
routine meteorological observations, the 
distribution of ET for year 2002 has been 
evaluated (Figure 2). 2002 was a very dry year, 
with a basin-wide annual precipitation 400 mm, 
27% less than average; while the ET retrieved 
by SEBAL was much larger, about 714 mm. 
Spatial distribution showed that ET in some 
area, such as near the left bank of Yellow River, 
was higher (800-900 mm) because of higher 
water availability; while the ET in the 
downstream area of the Hai River, mainly 
south and southwest Tianjin, was much lower 
(400-500 mm) because of the dried up of 
surface water. Monthly variations of actual ET 
and biomass production have been compared 
with the local observation at Luancheng 
County and Yellow river embankment, which 
shows an acceptable agreement (Figure 3). A 
distribution map of the excess of annual actual 
evapotranspiration over precipitation for 
different counties in the Hai Basin also showed 
interesting results and could be a good 
reference for water management.  
Year 2003 had much more precipitation 
about 582 mm (8.8% larger than average), 
while the ET retrieved was lower, about 556 
mm. A distribution map of the basin-wide 
evapotranspiration of 2003 is shown in the left 
of Figure 4. Detailed analysis has been done 
for each land use categories in the Basin (Table 
1), particularly, for the two major crops in the 
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Fig. 2 Annual actual evapotranspiration for 
2002 interpreted from MODIS measure-
ments in the Hai Basin, with spatial resolution 
1 km. The position of the river basin in China 
is also shown. 
Fig. 3. Monthly variations of actual ET and 
biomass production of a 1 km * 1 km pixel 
in Luancheng County (upper) and the 
Yellow River embankment (lower) 
respectively. 
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river basin, winter wheat (winter to early summer) and maize (summer to autumn). Similar analysis can 
be also done for each prefecture, each county, and even smaller political area in the river basin. All of 
these results could be useful in the evaluation of water use efficiency and allocation of irrigation quota 
for different regions, so as to reduce the basin-wide ET, at same time, to maintain (if not increase) the 
agriculture production.  
For 2004, an analysis has only been done for Beijing area so far, by using of Lansat TM data, 
which gave a much finer distribution. A comparison for a small area with field flux observations by 
eddy-correlation method showed very encouraged result (see Figure 5) (Mao, 2005). 
6. Validation  
It is always important to validate 
the remote sensing retrieved ET 
against local surface measurements, 
particularly in an operational use such 
as in Hai River Basin. This appeared 
not to be straight-forward due to 
discrepancies in scale. There have 
been no corresponding surface 
observations in the Hai Basin in 2002 
and 2003 for proper validation. 
Nevertheless, some attempts have 
been done by referencing the results of a few agricultural stations in the basin and rather traditional 
results (see also Fig. 3). An independent validation program has been started in the GEF Hai Basin 
Project, with some specific stations built in southern and northern parts of the river basin, that have 
direct flux measurements with eddy-correlation method and the LAS (Large Aperture Scintillometer), 
in addition to standard observations of radiation components and automatic weather stations. These 
data have been used for the validation of the ET retrieved in 2004 for Beijing area (Fig. 5).    
Fig. 5 Comparisons of sensible and latent heat 
fluxes retrieved from Landsat TM/ETM+ with 
observations by eddy-correlation method at 
Xiaotang Shan station near Beijing. 
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Fig. 4 Annual evapotranspiration (left) and the water depletion (precipitation minus ET) 
(right) of the Hai River Basin, 2003. Related values for each area (each county, each specific 
crop, etc.) can be tabulated accordingly. 
7. Concluding remarks 
As shown in the preliminary works done 
in recent two years, it is feasible to have a 
better understanding of the basin-wide 
evapotranspiration by remote sensing 
schemes. Daily MODIS data, with 
resolution 1 km, are good in ET 
monitoring for a basin scale and long-term 
analysis, while the high resolution data 
such as Landsat TM and ASTER, with 
resolution 15-30 m, are good in detailed 
analysis in demonstration counties. Further 
studies will be continued for the Hai River 
Basin over next five years, including an 
independent validation sub-project which 
is essential in improving the ET 
monitoring reliability as well as improving 
the retrieving algorithm. The major task is the establishment of a real water saving program through an 
ET reduction strategy, with more water resources remaining in the basin for production and 
environmental use, including more freshwater discharges into the Bohai Sea. ET reduction is land use 
and crop type dependent. Other management factors also need to be included.  
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Table 1. Landuse categories of the Hai Basin, 
and the annual ET for each category in 2003. 
Landuse name Area (km2) Area (%) ET (mm) ET (%) ET(km2*mm)
plain irrigated field 142549 44.6929 569 47.601 81110381
mid-cover (20-25%) grassland 33573 10.526 500 9.8514 16786500
shrublands 28201 8.84177 539 8.9206 15200339
forest coverage >30% 23807 7.46413 524 7.3211 12474868
low-cover (5-20%) grassland 21468 6.73079 460 5.7955 9875280
forest coverage 10-30% 16788 5.26349 513 5.0542 8612244
hill non-irrigated field 16345 5.1246 428 4.1055 6995660
mountain non-irrigated field 9358 2.93398 475 2.6087 4445050
high-cover (50%) grassland 6635 2.08025 396 1.542 2627460
plain peddy 4311 1.35161 607 1.5357 2616777
reservoir & pond 3920 1.22903 701 1.6127 2747920
urban & town land 3716 1.16507 582 1.2692 2162712
other forest 2493 0.78162 579 0.8471 1443447
countryside residential area 1372 0.43016 593 0.4775 813596
bottom land 1094 0.343 545 0.3499 596230
saline-alkali land 954 0.2991 683 0.3824 651582
industrial & communication land 609 0.19094 623 0.2227 379407
river & channel 535 0.16774 603 0.1893 322605
marshes 437 0.13701 389 0.0998 169993
sandy land 369 0.11569 361 0.0782 133209
exposed rock 182 0.05706 455 0.0486 82810
tidal flat 117 0.03668 753 0.0517 88101
bare ground 49 0.01536 481 0.0138 23569
lake 30 0.00941 477 0.0084 14310
mountain paddy 20 0.00627 522 0.0061 10440
slope non-irrigated land 9 0.00282 525 0.0028 4725
other land 7 0.00219 688 0.0028 4816
hill paddy 4 0.00125 569 0.0013 2276
